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Listeria monocytogenes can use two different surface proteins, internalin (InlA) and InlB, to invade mam-
malian cells. The exact role of these invasiveness factors in vivo remains to be determined. In cultured cells,
InlA is necessary to promote Listeria entry into human epithelial cells, such as Caco-2 cells, whereas InlB is
necessary to promote Listeria internalization in several other cell types, including hepatocytes, fibroblasts, and
epithelioid cells, such as Vero, HeLa, CHO, or Hep-2 cells. We have recently reported that the InlA receptor
on Caco-2 cells is the cell adhesion molecule E-cadherin and demonstrated that nonpermissive fibroblasts
become permissive for internalin-mediated entry when transfected with the gene coding for LCAM, the chicken
homolog of the human E-cadherin gene. In this study, we demonstrate for the first time that the internalin
protein alone is sufficient to promote internalization into cells expressing its receptor. Indeed, internalin
confers invasiveness to both Enterococcus faecalis and internalin-coated latex beads. As shown by transmission
electron microscopy, these beads were phagocytosed via a “zipper” mechanism similar to that observed during
the internalin–E-cadherin-mediated entry of Listeria. Moreover, a functional analysis of internalin demon-
strates that its amino-terminal region, encompassing the leucine-rich repeat (LRR) region and the inter-repeat
(IR) region, is necessary and sufficient to promote bacterial entry into cells expressing its receptor. Several
lines of evidence suggest that the LRR region would interact directly with E-cadherin, whereas the IR region
would be required for a proper folding of the LRR region.

Listeria monocytogenes is a ubiquitous gram-positive bacillus
responsible for listeriosis, a severe animal and human food-
borne disease characterized by central nervous system infec-
tions and fetal or neonatal infections associated with a high
mortality rate (26). Similar to the gram-negative enteropatho-
genic bacteria Salmonella, Shigella, and Yersinia spp., L. mono-
cytogenes has the capacity to induce its own uptake into non-
phagocytic mammalian cells (6, 12, 14, 16). The ability to enter
and reside in mammalian cells is critical for pathogenicity of L.
monocytogenes. While Salmonella and Shigella enter cells via a
“trigger mechanism,” characterized by the formation of large
membrane projections involving the interaction of type III
secreted bacterial proteins with cellular targets and leading to
a dramatic rearrangement of the actin cytoskeleton (33), Lis-
teria enters cells like Yersinia does, by a so-called “zipper”
mechanism (19, 29, 33) characterized by an intimate interac-
tion between the bacterial body and the host cell membrane
leading to the progressive engulfment of the bacterium. This
process requires direct interaction between a bacterial surface
protein, the internalin of Listeria or the invasin of Yersinia, and
a mammalian cell surface receptor, E-cadherin or b1 integrins,
respectively (13, 18, 20, 29).

To date, two surface proteins of L. monocytogenes, internalin
(or InlA) and InlB, encoded by two genes (inlA and inlB)
organized in an operon, are considered to play a major role in
Listeria internalization into cultured cells (9, 13). InlA and InlB
have common structural features also shared by other proteins
constituting the internalin multigene family, i.e., two repeat
regions, the leucine-rich repeat (LRR) region and the B-repeat

region, separated by a highly conserved inter-repeat (IR) re-
gion (10, 13). The carboxy-terminal region of InlA contains an
LPXTG motif, a signature sequence necessary for sorting and
cell wall anchoring of many surface proteins of gram-positive
bacteria, such as protein A of Staphylococcus aureus (SPA) (13,
32). Our laboratory recently reported that this region is nec-
essary for anchoring internalin on the bacterial surface and
that internalin exposed on the surface is capable of promoting
entry (23).

Domain-swapping experiments have shown that the InlA
cell wall anchoring region is also able to anchor SPA to the
staphylococcal cell wall (31). InlB has no LPXTG motif in its
carboxy-terminal region, but it contains repeated sequences
beginning with the amino acids GW (13). We have recently
shown that these GW repeats are necessary and sufficient to
anchor InlB to the bacterial surface, even when the protein is
added externally, a property reminiscent of the cell surface
association of other proteins in gram-positive bacteria, such as
the amidases of staphylococci (2).

Whereas InlB appears to allow L. monocytogenes entry into
a wide variety of cell types such as hepatocytes, fibroblasts, and
epithelioid cells, such as Vero, Hela, CHO, and Hep2 cells
(17), InlA exhibits a more restricted tropism, limited to date to
cells of epithelial origin such as the human enterocytic cell line
Caco-2 or to the LCAM-transfected S180-fibroblastic cell line
2B2 (13, 29). This cell specificity of InlA-mediated entry is
probably due to the nonubiquitous expression of the InlA
receptor, E-cadherin in Caco-2 cells and LCAM (the proposed
chicken homolog for human E-cadherin) in 2B2 cells.

Internalin confers an invasive phenotype to L. innocua, a
noninvasive Listeria species closely related to L. monocytogenes
(13, 29), but the mechanism by which internalin interaction
with E-cadherin leads to entry is still unknown, and the exis-
tence of a cofactor common to both L. innocua and L. mono-
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cytogenes and necessary for internalin-mediated entry has not
been excluded.

In this work, we demonstrate that internalin is sufficient to
promote internalization. We establish that noninvasive bacte-
ria, unrelated to the genus Listeria and expressing internalin, or
inert particles, such as internalin-coated latex beads, enter cells
in an internalin–E-cadherin-dependent manner. We also dem-
onstrate that the first two parts of the internalin protein, the
LRR and IR regions, are necessary and sufficient for interna-
lin-mediated entry. These data, together with our previous
finding that among anti-internalin antibodies, only anti-LRR
antibodies had an inhibitory effect on entry (28), demonstrate
the crucial role of internalin LRR region in the entry process.
We propose that the LRR region is the region interacting with
the internalin receptor, whereas the IR region is required for
the correct folding of the LRRs.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Tables 1 and 2, respectively. Luria-
Bertani medium was used for growth of Escherichia coli strains, and brain heart
infusion (Difco Laboratories, Detroit, Mich.) was used for growth of Listeria
innocua, Enterococcus faecalis, and Staphylococcus epidermidis strains. E. coli
strains containing pUC19 derivatives were cultivated in the presence of ampicil-
lin; E. coli and L. innocua strains containing pAT19 derivatives were cultivated
in the presence of erythromycin; and E. coli, L. innocua, E. faecalis, and S. epi-
dermidis strains containing pRB474 derivatives were cultivated in the presence of
chloramphenicol. The antibiotic concentrations used for selection are indicated
in Table 1.

Transfer of plasmids. Plasmids were introduced into E. coli by transformation,
into L. innocua by conjugation or electroporation (22, 34), and into E. faecalis by
electroporation (7). For electroporation of S. epidermidis, we used the following

protocol kindly provided by O. Schneewind. Overnight S. epidermidis cultures at
37°C in tryptic soy broth (Difco) were diluted into fresh medium and grown until
the optical density at 600 nm reached 0.4. The culture was centrifuged at 4°C at
4,500 3 g. The cell pellet was resuspended in an equal volume of 0.5 M filtered
sterilized sucrose, centrifuged at 4°C at 4,500 3 g, and resuspended in 0.5 volume
of 0.5 M sucrose and incubated on ice for 30 min. After a final centrifugation at
4°C at 4,500 3 g, the cell pellet was resuspended in 0.1 volume of 0.5 M sucrose.
Forty microliters of the cell suspension was mixed with 2 ml of plasmid DNA in
an Eppendorf tube and incubated on ice for 1 min. The mixture was transferred
to a cold 0.2-cm Bio-Rad Gene Pulser cuvette, and electroporation was per-
formed with the following parameters: 25 mF, 2.5 kV, and 200 V. Medium (300
ml) was quickly added, the components were mixed, and the cells were plated
directly onto agar plates with the appropriate antibiotic. Colonies appeared after
overnight growth at 37°C.

Plasmid constructions. All of the plasmid constructions are derived from
ppE10, a pUC19 derivative harboring the inlA promoter region and the inlA gene
on a 3.3-kb SphI-SacI fragment (23). The SphI-SacI restriction fragments of
ppE10 derivatives harboring each of the different constructs described below
were subcloned in the shuttle vectors pAT19 (35) and/or pRB474 (modified by
R. Brückner from pRB374 [3] by replacing the kanamycin resistance cassette
with a chloramphenicol resistance cassette), between these two restriction sites,
giving rise to pGM plasmids (see Table 2 for nomenclature). PCR fragments
were sequenced with the T7 sequencing kit (Pharmacia Biotech).

Construction of plasmids harboring the inlA gene under the control of the spa
(SPA gene) promoter. For subcloning of the spa promoter upstream of and in
frame with the start codon of inlA, a 1,005-nucleotide SphI-ClaI restriction
fragment of ppE10 was replaced with a 273-nucleotide fragment, giving rise to
ppE27. This 273-nucleotide fragment was obtained after digestion with SphI and
ClaI of a 1,200-nucleotide PCR-amplified product obtained from ppE10 with the
primers OML22 (59-ACATGCATGCGAAAAAAACGATATGTATG-39), har-
boring an SphI site, and OML6 (59-GCTCGAGGTTTACTGGTGCATTTGTC
C-39), situated at the end of the LRR coding region. A 262-nucleotide PCR-
amplified product of the spa promoting region (from plasmid pRIT5:spa
harboring the spa promoter and the full-length spa gene, a gift of O. Schneewind
[32]) was obtained with primers OML23 (59-ACTTGCATGCCGGAGAGGGT
AGC-39), containing an SphI site, and OML24 (59-CGGCATCATGATTAATA
CCCCCTGTATGTATTTG-39), containing an NlaIII site. This PCR-amplified

TABLE 1. Bacterial strains used in this study

Strain Relevant characteristic(s) Selection (mg/ml)a Abbreviated nameb Source

E. coli
MC1061 Casadaban et al. (4)
DH5a Gibco BRL
BL21(DE3)pLysS Novagen
BUG1450 BL21(DE3)pLysS (ppE23) Kan (30) This work

L. innocua
BUG499 J. Rocourt
BUG1390 BUG499(pGM10) Ery (5) L. innocua (inlA)2 This work
BUG1489 BUG499(pGM29) Cm (7) L. innocua (inlA)3 This work
BUG1395 BUG499(pGM13) Ery (5) L. innocua (inlAD15LRRs) This work
BUG1469 BUG499(pGM20) Ery (5) L. innocua (inlAD9LRRs) This work
BUG1471 BUG499(pGM21) Ery (5) L. innocua (inlAD6LRRs) This work
BUG1441 BUG499(pGM18) Ery (5) L. innocua (inlADIR) This work
BUG1396 BUG499(pGM14) Ery (5) L. innocua (inlADBR) This work
BUG1444 BUG499(pGM19) Ery (5) L. innocua (inlADPA) This work
BUG1435 BUG499(pGM16) Ery (5) L. innocua (LRRs-SPA) This work
BUG1438 BUG499(pGM17) Ery (5) L. innocua (LRRs-BSPA) This work
BUG1462 BUG499(pGM19) Ery (5) L. innocua (BSPA) This work
BUG1460 BUG499(pGM25) Ery (5) L. innocua (LRRs-IR-SPA) This work
BUG1496 BUG499(pGM30) Cm (7) L. innocua (LRRs-IR-SPA)3 This work

E. faecalis
BUG1491 E. faecalis OG1X P. Courvalin
BUG1493 BUG1491(pGM29) Cm (7) E. faecalis (inlA)3 This work
BUG1497 BUG1491(pGM30) Cm (7) E. faecalis (LRRs-IR-SPA)3 This work

S. epidermidis
BUG1477 S. epidermidis BM3302 O. Chesneau
BUG1478 BUG1477(pGM29) Cm (7) S. epidermidis (inlA)3 This work
BUG1498 BUG1477(pGM30) Cm (7) S. epidermidis (LRRs-IR-SPA)3 This work

a Kan, kanamycin; Ery, erythromycin; Cm, chloramphenicol.
b (inlA)2 indicates that inlA is under the control of its promoter, and (inlA)3 and (LRRs-IR-SPA)3 indicate that inlA and LRRs-IR-SPA, respectively, are under the

control of the spa promoter.
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product was digested by NlaIII, generating compatible ends with the SphI site,
and cloned at the SphI site of ppE27, reconstituting only one SphI site situated
upstream of the spa promoter. The orientation of the subcloned fragment was
checked by PCR with the primers OML23 and OML6. The plasmid harboring
the spa promoter fused to the start codon of inlA was named ppE28.

ppE28 was digested with SphI and SacI, and the restriction fragment harboring
the spa promoter fused to inlA was subcloned at the same restriction sites in
pRB474, a shuttle vector for gram-positive bacteria, giving rise to pGM29.
pGM29 was transferred by electroporation in L. innocua, E. faecalis, and S.
epidermidis.

Construction of internalin variants. Construction of the two internalin vari-
ants InlAD15LRRs and InlADBR has been described previously (28). The in-
ternalin variants InlADIR, InlAD9LRRs, and InlAD6LRRs were constructed as
follows (see Fig. 4).

The internalin variant InlADIR corresponds to an internalin lacking its IR
region (amino acids [aa] 414 to 517). It was constructed by replacing the 1,390-
nucleotide BclI-KpnI restriction fragment of ppE10 with a 930-nucleotide PCR-
amplified product from ppE10, which had been digested by BglII and KpnI, and
was obtained with primer OML20 (59-GAAGATCTTTTATTGACTGAACCA
GCT-39), which contains a BglII restriction site, and primer OML18 (59-GGG
GTACCTCTCCTTGATTCTAG-39), which contains a KpnI site.

The internalin variant InlADPA corresponds to an internalin lacking its pre-
anchor (PA) region (aa 714 to 765). It was constructed by replacing the 492-
nucleotide PflMI-KpnI restriction fragment of ppE10 with a 184-nucleotide
PCR-amplified product from ppE10, which had been digested by PflMI and
KpnI, and was obtained with primer OML19 (59-CGAGCCAGCAACTGGAC
TCCCTACAACTGGC-39), which contains a PflMI site, and primer OML18.

The internalin variant InlAD9LRRs corresponds to an internalin lacking its
first nine LRRs (aa 74 to 260, with addition of an arginine residue at position 75).
It was constructed by deletion of a 558-nucleotide fragment after digestion of
ppE10 by BglII and BstEII; the resulting deleted inlA gene was treated with T4
polymerase to generate blunt ends, which were in-frame ligated.

The same strategy was used to construct the internalin variant InlAD6LRRs,
which corresponds to an internalin lacking its last six LRRs (aa 261 to 413). It
was constructed by deletion of a 461-nucleotide fragment after digestion of
ppE10 by BstEII and BclI; the resulting deleted inlA gene was treated with T4
polymerase to generate blunt ends, which were in-frame ligated.

Construction of internalin-protein A chimeric proteins (see Fig. 6). The
633-aa chimeric protein LRRs-SPA is a fusion of the first 414 aa of InlA to the
carboxy-terminal region of SPA (aa 305 to 524). It was constructed by replacing
the BclI-KpnI digestion fragment of ppE10 with a 750-nucleotide PCR-amplified
product from plasmid pRIT5:spa that had been digested with the same restric-
tion enzymes. This PCR product was obtained with the primers OML3bis (59-
GAAGATCTTGACGATCCTTCGGTGAGC-39), which contains a BglII site,

and OML4 (59-GCGGTACCATTTCAAATAAGAATGTGTT-39), which con-
tains a KpnI site.

The 801-aa chimeric protein LRRs-BSPA is a fusion of the first 414 aa of InlA
to a longer carboxy-terminal region of SPA (aa 137 to 524). It was constructed by
replacing the BclI-KpnI digestion fragment of ppE10 with a 1,260-nucleotide
PCR-amplified product from plasmid pRIT5:spa obtained with the primers
OML11 (59-GAAGATCTTACTAACGTTTTAGGTGAAGC-39) and OML4,
which contain a BglII site and a KpnI site, respectively, and that had been
digested with these two enzymes.

The 461-aa chimeric protein BSPA is a fusion of the first 73 aa of InlA
(upstream of the LRRs) to the last 388 aa of SPA (aa 137 to 524). It was
constructed by replacing the BglII-KpnI fragment of inlA with an OML11-OML4
PCR product from plasmid pRIT5:spa that had been digested by BglII and KpnI.

The 737-aa chimeric protein LRRs-IR-SPA is a fusion of the first 517 aa of
InlA to the carboxy-terminal region of SPA (aa 305 to 524). It was constructed
by replacing the BstXI-KpnI digestion fragment of ppE10 with a 750-nucleotide
PCR-amplified product from plasmid pRIT5:spa digested with the same restric-
tion enzymes. This PCR product was obtained with primers OML21 (59-CTGC
AGAACCAAAGAAGTGGACGATCCTTCGGTGAGC-39), which contains a
BstXI site, and OML4.

Covalent coupling of internalin to latex beads. Internalin was purified as
previously described (29). A total amount of 400 mg of internalin in 80 ml of 15
mM sodium acetate buffer (pH 5.0) was mixed in an Eppendorf tube with 200 ml
of a 2% aqueous suspension of carboxylate-modified latex Texas red fluorescent
beads (1 mm in diameter; Molecular Probes). After 15 min of incubation on a
rocker shaker at room temperature, 1.6 mg of 1-ethyl-3-(3-dimethylaminopro-
pyl)-carboiimide (EDAC) was added, the solution was vortexed, and the pH was
adjusted to 6.5 with diluted NaOH. The reaction mixture was incubated on a
rocker shaker for 2 h at room temperature. Glycine was then added to a final
concentration of 100 mM, and the mixture was incubated for 30 min at room
temperature. The beads were then centrifuged for 20 min at 2,000 3 g, and the
supernatant was removed. Beads were washed three times in 50 mM phosphate-
buffered saline (PBS) and then were finally resuspended in 50 mM PBS plus 1%
bovine serum albumin (BSA). For control beads, the covalent coupling of BSA
to beads was done by the same procedure.

Cell cultures, invasion assays, and immunofluorescence labeling. Caco-2 cells
and 2B2 cells (S180 fibroblasts stably transfected with the LCAM gene) were
grown as described previously (29). L2071 cells and LE6 cells (L2071 parental
fibroblasts and L2071 fibroblasts stably transfected with the LCAM gene, respec-
tively; a gift of R. Brackenbury [5]) were cultivated in Dulbecco’s modified
Eagle’s medium (Gibco) plus 10% fetal calf serum and in the presence of 400 mg
of G418 per ml for LE6 cells.

Invasion assays were performed in 24-well plates with a gentamicin killing
assay as described previously (10). Bacteria were added to cells at a multiplicity

TABLE 2. Plasmids used in this study

Plasmida Host(s) Marker(s)b Relevant characteristic(s) Source

pUC19 E. coli Amp Cloning vector Yanisch Perron (38)
pAT19 E. coli, L. innocua Amp Ery Shuttle vector Trieu-Cuot (35)
pRB474 E. coli, L. innocua, E. faecalis,

S. epidermidis
Amp Cm Shuttle vector Brückner (3)

pRIT5:spa E. coli Amp Cm pRIT5 derivative carrying spa promoter and spa Schneewind (32)
ppE10/pGM10 E. coli, L. innocua Amp Ery pUC19/pAT19 derivatives carrying inlA promoter and inlA Lebrun (23) and

this work
ppE27 E. coli Amp pPE10 derivative deleted for inlA promoter This work
ppE28/pGM29 E. coli, L. innocua, E. faecalis,

S. epidermidis
Amp Cm pUC19/pRB474 derivatives carrying spa promoter and inlA This work

ppE13/pGM13 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying inlAD15LRRs Mengaud (28) and
this work

ppE20/pGM20 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying inlAD9LRRs This work
ppE21/pGM21 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying inlAD6LRRs This work
ppE18/pGM18 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying inlADIR This work
ppE14/pGM14 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying inlADBR Mengaud (28) and

this work
ppE19/pGM19 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying inlADPA This work
ppE16/pGM16 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying LRRs-SPA This work
ppE17/pGM17 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying LRRs-BSPA This work
ppE19/pGM19 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying LRRs-BSPA This work
ppE25/pGM25 E. coli, L. innocua Amp Ery pPE10/pGM10 derivatives carrying LRRs-IR-SPA This work
pGM30 E. coli, L. innocua, E. faecalis,

S. epidermidis
Amp Cm pGM29 derivative carrying LRRs-IR-SPA This work

ppE23 E. coli BL21(DE3)pLysS Kan Cm pET28b derivative carrying LRRs of inlA This work

a ppE refers to E. coli plasmids; pGM refers to shuttle plasmids.
b Amp, ampicillin; Ery, erythromycin; Cm, chloramphenicol; Kan, kanamycin.
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of infection (MOI) of 100. After 1 h of infection and 2 h of incubation in the
presence of gentamicin, the cells were lysed and the lysates were plated for
bacterial counting. The percentage of invasion was determined by dividing the
number of surviving bacteria at the end of the test by the number of bacteria
present in the inoculum. The gentamicin concentration used (10 mg/ml for
L. innocua and S. epidermidis and 50 mg/ml for E. faecalis) was shown to kill all
extracellular bacteria in less than 2 h. Invasion assays were done in three inde-
pendent experiments, each time in duplicate.

To test the invasive properties of InlA- or BSA-coated latex beads, L2071 and
LE6 cells were grown on glass coverslips. Latex beads were added to cells at a
rate of 100 beads/cell. After 1 h of incubation and five washes with PBS, the cells
were fixed in 3% paraformaldehyde in PBS for 20 min at room temperature,
rinsed three times in PBS, and incubated for 1 h with anti-BSA rabbit polyclonal
antibodies (dilution, 500; Sigma). This anti-BSA antibody reacts with InlA- and
BSA-coated beads, since both types of beads were incubated in PBS plus 1%
BSA at the final blocking step of the coupling. The coverslips were washed three
times in PBS and incubated for 1 h with goat anti-rabbit polyclonal antibodies
conjugated with fluorescein isothiocyanate (FITC); the cells were then perme-
abilized with PBS plus 0.4% Triton X-100 (Sigma) for 5 min, rinsed three times
in PBS, and incubated with FITC-phalloidin (Sigma; 0.1 mg/ml). After three final
rinses in PBS, coverslips were examined with an Optiphot-2 Nikon microscope
and observed by phase-contrast microscopy and epiflurorescence or examined
with a laser-scanning confocal microscope (Wild Leitz). With this labeling tech-
nique, F-actin was labeled in green and the extracellular beads were labeled in
green and red, whereas intracellular beads, which were not accessible to the
antibodies during the labeling steps, appeared only in red (see Fig. 2B).

Immunogold labeling of bacteria and transmission electron microscopy. For
immunogold labeling, mid-log-cultured bacteria were harvested by centrifuga-
tion at 4,000 3 g, washed with PBS, and resuspended at room temperature for 30
min in 500 ml of PBS and 500 ml of filtered 8% paraformaldehyde in phosphate
buffer (0.1 M [pH 7.2]). Drops of 15 to 35 ml were deposited on parafilm and
adsorbed for 5 min onto freshly hydrophilized (by glow discharge) Formvar
carbon-coated nickel grids. The grids were subsequently floated, Formvar facing
down, on the following reagents: PBS–50 mM NH4Cl (2 min), PBS–1% normal
goat serum (5 min), G6.1 or K18.4 anti-internalin monoclonal antibodies diluted
in PBS–1% BSA–1% normal goat serum (1 h), PBS (four washes, 1 min each),
immunogold electron microscopy goat anti-mouse conjugates (10-nm-diameter
particles; British BioCell International) diluted 1/20 in PBS–0.01% fish skin
gelatin (Sigma G7765) (1 h), PBS (one wash, 1 min), distilled water (three
washes, 1 min each), 1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) (2
min), and distilled water (3 washes, 2 min each). Grids were observed under a
Philips CM12 electron microscope operating under standard conditions at 80 kV.

For transmission electron microscopy assays of cells incubated with beads,
cells were seeded 2 days before the experiments into 35-mm-diameter dishes
(Corning) at a density of 8 3 104 cells per ml in cell culture medium. Cells
incubated with InlA-coated beads (100/cell) were washed twice in PBS, fixed in
situ at 4°C in 1.6% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), washed
three times with phosphate buffer, postfixed for 30 min at room temperature with
2% osmic acid in the same buffer, washed three times in distilled water, and
dehydrated in a graded ethanol series. The ethanol was removed, and 1 ml of
N-butylglycidyl ether was added to each petri dish. The dishes were allowed to
stand until the cell monolayer appeared rippled (1 to 2 min). After gentle
agitation with a rocking motion, a thin sheet of cells separated and floated freely
to the surface of the liquid. This floating sheet was transferred to an Eppendorf
tube and centrifuged. The supernatant was removed and replaced with epoxy-
1,2-propane. The sheet was then embedded in an epoxy resin (Epikote 812).
After sectioning and counterstaining with uranyl acetate and lead citrate, micro-
scopic observations were performed with a Philips CM12 and/or a Jeol 1010
electron microscope operating at 80 kV. Because of treatment with epoxy-1,2-
propane, beads were dissolved or partially dissolved and were thus visualized as
“bead ghosts” (see Fig. 3).

Purification of internalin LRRs63His. The LRR-encoding sequence of inlA
was amplified by PCR from plasmid ppE10 with the primers OML5 (59-GCCA
TGGCTACAATTACACAAGATACT-39), which contains an NcoI site, and
OML6 (59-GCTCGAGGTTTACTGGTGCATTTGTCC-39), which contains an
XhoI site, and cloned in frame upstream from the His tag coding sequence in the
pET28b expression vector (Novagen), giving rise to pPE23. The nucleotide
sequence of the PCR-amplified product was verified by sequencing. For expres-
sion of the recombinant protein, the construct was transferred into E. coli
BL21(DE3)pLysS (Novagen). Strain BL21(DE3)pLysS containing ppE23 was
grown in 2YT culture medium (Bacto tryptone, 16 g/liter; yeast extract, 10g/liter;
NaCl, 5 g/liter) with 30 mg of kanamycin per ml at 37°C with shaking until the
early log phase, and expression was induced by addition of 2 mM IPTG (isopro-
pyl-b-D-thiogalactopyranoside). After 3 h of induction, bacteria were harvested
by centrifugation, resuspended in I40 buffer (20 mM sodium phosphate, 0.5 M
NaCl, 40 mM imidazole [pH 7.5]), frozen at 220°C, thawed, and sonicated on
ice. Cell debris were removed by centrifugation, and protein was purified from
the supernatant by metal affinity chromatography according to the manufactur-
er’s instructions (Novagen). LRRs63His was eluted with I300 buffer (20 mM
sodium phosphate, 0.5 M NaCl, 300 mM imidazole [pH 7.5]), concentrated to the
desired volume in TA buffer (50 mM Tris HCl, 0.01% sodium azide [pH 7.5])
with Centriprep 30 and Centricon 30 devices (Amicon), and gel filtrated on a

Sephacryl S300HR column. Elution fractions containing purified LRRs63His
were pooled and then concentrated with Centriprep 30 and Centricon 30 devices,
and the protein was finally frozen at 280°C in TA buffer until use. The
protein concentration was determined with the bicinchoninic acid (BCA) system
(Pierce).

RESULTS

Internalin is sufficient to promote internalization. Caco-2
cells or fibroblastic S180 cells transfected with the LCAM gene
encoding the chicken homolog of human E-cadherin (2B2
cells) are permissive to L. monocytogenes or L. innocua cells
expressing internalin (13, 29). In the present study, we have
also used a couple of new cell lines, L2071 and LE6, to test
internalin-mediated entry. L2071 cells are fibroblastic cells of
murine origin expressing no detectable level of endogenous
cadherin, and LE6 cells are transfected L2071 cells expressing
LCAM (5). As expected, no internalin-dependent entry of
L. monocytogenes or L. innocua expressing internalin was de-
tected in L2071, whereas the LE6 cells were permissive for
internalin-mediated entry (data not shown). These results con-
firmed our previous results obtained with the cell line couple,
S180 and 2B2, that LCAM behaves as a receptor for internalin
(29).

In order to better understand the molecular aspects of in-
ternalin-dependent entry, we first investigated whether inter-
nalin is sufficient to promote internalization of gram-positive
bacteria unrelated to the genus Listeria into cells expressing its
receptor.

(i) Expression of internalin in noninvasive gram-positive
bacteria confers invasiveness. To allow heterologous expres-
sion of internalin, two strong promoters, the vegII promoter of
B. subtilis and the spa promoter of the gene encoding SPA were
placed in tandem upstream of inlA in the shuttle vector
pRB474, giving rise to pGM29 (Table 2). pGM29 was intro-
duced by electroporation into several noninvasive gram-posi-
tive bacteria. We first used S. aureus. Preliminary gentamicin
survival assays with S. aureus showed that the background level
of entry of this bacterial species in Caco-2 or 2B2 cells was as
high as that of L. innocua expressing internalin, rendering the
interpretation of invasion tests with S. aureus expressing in-
ternalin difficult. We thus introduced pGM29 into the follow-
ing bacterial strains: L. innocua, E. faecalis, and S. epidermidis,
which are noninvasive for Caco-2 cells (Fig. 1B) and 2B2 cells
(data not shown). Expression of internalin in these bacteria
was evaluated by Western blotting (data not shown) and by
immunogold labeling (Fig. 1A). These experiments showed
that internalin is expressed, at a similar level, on the surface of
these three types of recombinant bacteria.

The ability of these bacteria expressing internalin to enter
the Caco-2 cell line was evaluated with the gentamicin survival
assay. Arbitrarily, the level of entry of L. innocua cells express-
ing InlA was standardized to 100, and the levels of entry of the
other bacteria were calculated as relative values. As shown in
Fig. 1B, these assays demonstrated that (i) heterologous ex-
pression of internalin in L. innocua conferred invasiveness, as
previously described (13); (ii) internalin heterologous expres-
sion in E. faecalis also conferred invasiveness; and (iii) interna-
lin heterologous expression in S. epidermidis did not confer
invasiveness (Fig. 1B) or adhesiveness (data not shown). Sim-
ilar experiments were performed with 2B2 cells and gave the
same results. We also used the double immunofluorescence
labeling technique previously described in reference 36 and
were unable to detect any intracellular internalin-expressing
S. epidermidis cells, in agreement with the invasion assays. No
adhesion to the plastic surface or formation of bacterial biofilm
of S. epidermidis cells expressing or not expressing internalin
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was observed (data not shown). Taken together, these results
demonstrate that internalin expression in L. innocua and in E.
faecalis promotes entry. This is not the case for S. epidermidis.

(ii) Internalin-coated latex beads enter cells expressing the
internalin receptor. In order to definitively determine if in-
ternalin is sufficient to promote entry or if a bacterial cofactor
common to L. monocytogenes, L. innocua, and E. faecalis but
absent in S. epidermidis is required for the internalin-mediated
entry process, we coated 1-mm-diameter latex beads with pu-
rified internalin and determined their ability to enter cells
expressing the internalin receptor. Preliminary experiments
with Caco-2 cells showed that the background level of entry of
various types of latex beads (from 1 to 6 mm in diameter) was
high. This nonspecific entry was shown to preferentially occur
in the borders of the cell islets, where internalin-mediated
entry also preferentially occurs (15). The same technical prob-
lems were encountered with 2B2 cells. We therefore used the
other two cell lines, L2071 and LE6. In these cells, the back-
ground level of entry of 1-mm-diameter latex beads covalently
coated with internalin was extremely low. We thus tested the
entry of internalin-coated beads in these cells and used BSA-
coated beads as a negative control.

As shown in Fig. 2A, internalin-coated beads associated very
efficiently with LE6 cells, whereas no cell association of beads
was observed with L2071 cells. BSA-coated beads did not as-
sociate with LE6 or L2071 cells. Epifluorescence and confocal
microscopy observation then allowed us to distinguish intra-
cellular beads (appearing in red) from extracellular beads (ap-
pearing in red and green after FITC labeling [see Materials
and Methods]). As shown in Fig. 2B, the efficiency of bead

uptake was very high, roughly more than a third of associated
beads being intracellular. In control experiments with non-
transfected L2071 cells and/or BSA-coated beads, no intracel-
lular beads were observed. The specificity of these experiments
was further strengthened by the observation of the inhibitory
effect on entry of anti-internalin or anti-LCAM antibodies, as
previously described for Listeria internalin-mediated entry
(data not shown) (28, 29). We then examined the morpholog-
ical changes that occurred during entry of internalin-coated
beads by using transmission electron microscopy. As shown in
Fig. 3, internalin-coated beads were closely apposed to the
cytoplasmic membrane during the whole entry process and
entered cells through the so-called “zipper mechanism,” as has
been described in detail for internalin-mediated entry of L.
monocytogenes and L. innocua cells expressing internalin (29).

Taken together, these results demonstrate that the presence
of internalin on the surface of a particle is sufficient to induce
its phagocytosis into cells expressing the internalin receptor.
These data also suggest that the noninvasiveness of S. epider-
midis cells expressing internalin was probably due to anti-
phagocytic factors present in this bacterial species, whose na-
ture remains to be determined.

The LRR and IR regions are necessary for entry. Internalin
being sufficient to induce entry, we generated deletions in the
inlA gene to determine the regions critical for its function.
These deletions were designed to obtain six internalin variants
lacking either the first nine LRRs (InlAD9LRRs), the last six
LRRs (InlAD6LRRs), all of the LRRs (InlAD15LRRs), the IR
region (InlADIR), the B-repeat region (InlADBR), or the PA
region, which is situated between the B-repeat region and the
cell wall anchor region (InlADPA) (Fig. 4A). These genetic
constructs were introduced into L. innocua by conjugation or
electroporation. Expression of internalin variants into L. in-
nocua was verified by Western blotting experiments with crude
bacterial extracts by using monoclonal antibodies against in-
ternalin. We used the antibody K18.4, which recognizes the
B-repeat region, to detect the first three constructs and the
antibody G6.1, which recognizes the LRRs, to detect the other
three (see reference 28 and our unpublished data). The variant
proteins were all expressed (Fig. 4B). Immunogold labeling
with K18.4 or G6.1 was performed with recombinant L. in-
nocua cells to demonstrate and quantify the cell surface expo-
sition of the internalin variants by using L. innocua cells ex-
pressing internalin as a control. (Note that all these constructs
are expressed under the inlA promoter.) The average number
of gold particles associated with bacteria was determined in
each case and is expressed as a relative value of the average
number of gold particles associated with L. innocua expressing
wild-type internalin, arbitrarily standardized at 100. As shown
in Fig. 5A, surface expression of all of the internalin variants
was at least equivalent to that of internalin in L. innocua,
suggesting that all of these constructs had kept the ability to be
anchored to the cell wall and were exposed to the bacterial
surface in a similar way.

We then tested the ability of L. innocua cells expressing each
internalin variant to enter into cells permissive for internalin-
mediated entry, such as Caco-2 cells or 2B2 cells. Invasion
assays with these two cell lines gave similar results. Invasion
assays with 2B2 cells, as shown in Fig. 5B, demonstrated that
InlADBR and InlADPA conferred an invasiveness level com-
parable to that of full-length internalin, whereas the other
variants, with deletion of a part (nine or six) or all of the LRRs
or of the IR region did not confer invasiveness to L. innocua
anymore. These results show that the two amino-terminal re-
gions of internalin, namely LRRs and IR, are both necessary
for internalin-mediated entry to occur.

FIG. 1. Heterologous expression of internalin in L. innocua, E. faecalis, and
S. epidermidis. (A) Internalin detection on the surface of L. innocua (inlA)3 (A1),
E. faecalis (inlA)3 (A2), and S. epidermidis (inlA)3 (A3). (B) Invasiveness assays
with Caco-2 cells of L. innocua, L. innocua (inlA)3, E. faecalis, E. faecalis (inlA)3,
S. epidermidis, and S. epidermidis (inlA)3. The level of entry of L. innocua(inlA)3
has been reported to 100. The level of entry of the other bacteria is given as a
relative value. Results are means 6 standard deviations of three different exper-
iments, each time done in duplicate.
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FIG. 2. Cell association and cell invasion of InlA-coated beads. (A) Phase-contrast observation of beads associating with LE6 cells expressing LCAM (top panel)
and L2071 cells (bottom panel) with either InlA-coated beads (left panel) or BSA-coated beads (right panel). (B) Confocal laser-scanning micrographs of LE6 cells
incubated with InlA-coated beads. External beads and actin cytoskeleton were FITC labeled, thus appearing in green (left). All of the beads (internal and external)
are Texas red labeled by the manufacturer (right). The central image is a superposition of the lateral ones. Internal beads are only Texas red labeled, and external beads
are FITC and Texas red labeled, and thus appear in yellow.
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A chimeric protein fusing the LRR and IR regions of in-
ternalin to the carboxy-terminal region of SPA is sufficient for
entry. To identify the minimal portion of internalin required
for its function, we made use of chimeric proteins obtained by
fusing the LRRs or the LRRs-IR regions to the carboxy-ter-
minal region of SPA. Protein A, like internalin, contains at its
carboxy-terminal end a cell wall anchoring signal (32). Four
gene fusions were designed to obtain LRRs-SPA (633 aa),
LRRs-BSPA (801 aa), LRRs-IR-SPA (737 aa), and BSPA (461
aa) (Fig. 6A). The gene fusions were introduced in L. innocua,
and protein expression was verified by Western blotting with
the G6.1 antibody, as shown in Fig. 6B. Surface expression of
these proteins was also semiquantitatively evaluated by immu-
nogold labeling, as previously done for the internalin variants.
All of the chimeric proteins were surface exposed and were
expressed at least as well as internalin, showing in addition that
the cell wall anchoring signal of SPA was functional in Listeria
(data not shown).

We tested the invasiveness conferred by these chimeric pro-
teins. LRRs-SPA, LRRs-BSPA, and BSPA were not able to
confer any invasiveness to L. innocua, in contrast to the chi-
meric protein LRRs-IR-SPA, which was as efficient as interna-

lin in promoting bacterial entry (Fig. 7). The plasmid pGM30,
encoding LRRs-IR-SPA under the control of the spa pro-
moter, was then introduced into E. faecalis and S. epidermidis.
LRRs-IR-SPA surface expression was similar to that of in-
ternalin in these bacteria, and LRRs-IR-SPA was as efficient as
internalin at conferring invasiveness to E. faecalis and, in
agreement with the results presented above failed to confer
invasiveness to S. epidermidis (data not shown).

Taken together, these results demonstrate that surface ex-
pression of all LRRs and IR is not only necessary for interna-
lin-mediated entry into cells, but it is also sufficient.

Unlike internalin, the purified LRR polypeptide does not
bind cells permissive for internalin-mediated entry. We have
previously shown that among nine anti-internalin antibodies,
only anti-LRR monoclonal antibodies had an inhibitory effect
on entry, suggesting that internalin LRRs play a crucial role in
its function (28) and that the IR region is not responsible for
its functional specificity. In addition, the IR region is the most
conserved region among proteins of the internalin multigene
family (10). In contrast, LRRs are different in number and
nature among members of the family. Furthermore, the com-
mon hallmark of LRRs is to be classically involved in protein-

FIG. 3. Transmission electron micrographs of InlA-coated latex beads entering LE6 cells. (1) Global view of an LE6 cell having phagocytosed two InlA-coated latex
beads. (2 to 5) InlA-coated latex beads at different stages of cell invasion, exemplifying the “zipper” phenotype of internalin-mediated entry of the InlA beads.
Treatment with epoxy-1,2-propane partially dissolved the beads, which are thus visualized as “bead ghosts.”
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protein interactions (21). It was thus tempting to hypothesize
that internalin LRRs interact directly with the internalin cel-
lular receptor.

To test this hypothesis, we purified a recombinant LRR
polypeptide with a carboxy-terminal tag of six histidine resi-
dues (LRRs63His). Using the hexosaminidase colorimetric
assays that we previously used to demonstrate that Caco-2 cells
bind to purified internalin (29), we tested whether Caco-2 cells
were able to bind to LRRs63His. As shown in Fig. 8, we were
unable to detect any cell association with LRRs63His, sug-
gesting that the purified protein was not able to bind cells
expressing the internalin receptor. Although one cannot ex-
clude that this purified protein was denatured, this result, to-
gether with the absence of any invasive phenotype in L. in-
nocua cells expressing InlADIR, LRRs-SPA, and LRRs-BSPA,
suggests that the internalin LRRs, in the absence of IR, are
unable to interact with internalin receptor.

DISCUSSION

Internalin is necessary and sufficient to promote entry. The
results presented in this paper definitely establish that the
internalin protein alone is sufficient to promote internalization.
Previous data had shown that heterologous expression of in-
ternalin in L. innocua confers invasiveness to this noninvasive
Listeria species and suggested that internalin was sufficient to
promote entry (13). However, L. innocua is the Listeria species
that is most closely related to L. monocytogenes, and inl-like

genes are present in this bacterium (10), suggesting that a
cofactor common to these two species and required to promote
entry could exist. The results presented here showing that E.
faecalis cells expressing internalin became invasive reinforced
the hypothesis that internalin was sufficient. However, the fact
that S. epidermidis cells expressing internalin remained nonin-
vasive reactivated the possibility that a cofactor present in L.
monocytogenes, L. innocua, and E. faecalis but absent in S.
epidermidis—which is more distantly related to the genus Lis-
teria than is E. faecalis (8)—was required for internalin-medi-
ated entry. Alternatively, S. epidermidis could possess an an-
tiphagocytic factor blocking internalin-mediated entry. The
bead experiments have clarified this point. Only internalin-
coated beads entered cells expressing its receptor, definitely
demonstrating that internalin is, on the bacterial side, the sole
actor required for internalin-mediated entry into cells express-
ing its receptor. Internalin-coated beads entered cells by a
zipper mechanism, showing that the internalin-only-mediated
entry of these inert particles was similar to L. monocytogenes
internalin-mediated entry and to Yersinia invasin-mediated en-
try into cells. Since the affinity chromatography procedure used
to identify the internalin receptor led to the identification of a
single protein (i.e., E-cadherin) (29), it is likely that the sole
internalin interaction with E-cadherin at the bacterium-cell
interface is the starting point for cell invasion. This points out
an additional parallelism between internalin–E-cadherin-me-
diated entry of Listeria and invasin–b1 integrin-mediated entry
of Yersinia (12, 27). The regions of E-cadherin required for

FIG. 4. Schematic representation of internalin variants and Western blotting analysis of these variants. (A) Wild-type InlA is represented on the top. From its
amino-terminal part to its carboxy-terminal part (from left to right), InlA is made of a signal peptide, an LRR region, an IR region (IR), a B-repeat region (BR), a
PA region, and a cell wall anchor region. Each internalin variant, InlAD9LRRs, InlAD6LRRs, InlAD15LRRs, InlADIR, InlADBR, and InlADPA, is represented. The
lacking region is symbolized by a dotted line and D. The total length of the truncated protein is indicated, and the numbers at each end of internalin or of internal
deletions indicate the amino acid positions in the wild-type protein. (B) Immunoblotting analysis of InlA variants expressed in L. innocua. Aliquots of total protein
extracts of each strain expressing InlA variants were boiled in sodium dodecyl sulfate sample buffer and applied to a sodium dodecyl sulfate–10% polyacrylamide gel.
Separated proteins were transferred onto nitrocellulose and were first incubated with the K18.4 monoclonal antibody for the four left lanes and the G6.1 monoclonal
antibody for the three right lanes and then incubated with an antimouse horseradish peroxidase-conjugated antibody. Conjugated antibodies were detected by enhanced
chemiluminescence (ECL system; Amersham) as described previously (9).
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internalin- and E-cadherin-mediated entry, as well as the pu-
tative intracytoplasmic factors and the signal transduction
pathways, are not known and are currently under investigation.
Interestingly, InlB also appears to be sufficient to promote
InlB-dependent entry (1). Its cellular receptor still remains to
be identified, but it will be interesting to compare the extent of
homology between InlA- and InlB-mediated entries and im-
portant to evaluate their mutual contribution to L. monocyto-
genes host invasion in vivo during the infectious process.

The B-repeat and PA regions are not required for interna-
lin-dependent entry. The results presented here showing that
the B-repeat and PA regions of internalin play no role in
internalization are in agreement with those of our previous
experiments showing that monoclonal antibodies directed
against the B-repeat or PA regions had no inhibitory effect on
entry (28). The demonstration that these two regions are not
required for internalin-induced phagocytosis establish that the
total sequence of internalin is not critical for its surface pre-

FIG. 5. Cell surface exposition of InlA and InlA variants and invasiveness conferred by these proteins. (A) Immunogold labeling of L. innocua strains expressing
either internalin or each of the internalin variants. Each bar is the mean 6 standard deviation of the number of gold particles present at the surface of about 20 bacteria
and is given as a relative value of the number of gold particles present at the surface of L. innocua (inlA)2, which was reported as 100. (B) Invasiveness assays of L.
innocua, L. innocua (inlA)2, and L. innocua expressing each internalin variant in 2B2 cells. The level of entry of L. innocua (inlA)2 has been artificially reported as 100.
The level of entry of the other bacteria is given as a relative value. Results are means 6 standard deviations of three different experiments done each time in duplicate.

FIG. 6. Schematic representation of internalin-protein A chimeric proteins and Western blot analysis of these chimeric proteins. (A) Wild-type InlA is represented
as in Fig. 4. Each chimeric protein (LRRs-SPA, LRRs-BSPA, LRRs-IR-SPA, and BSPA) is also represented. The carboxy-terminal part of SPA fused to internalin
regions is indicated by a black box. The numbers indicate the amino acid position in wild-type protein A, and the total length of the chimeric proteins is indicated. (B)
Immunoblotting analysis of InlA-protein A chimeric proteins expressed in L. innocua. Western blot analysis was performed as described for Fig. 4. Full-length InlA
and chimeric proteins were all detected with the G6.1 anti-LRR antibody. The intense signal observed with LRRs-BSPA is probably due to the presence of Fc receptors
on the protein A part fused to the internalin LRRs.
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sentation or its internalizing function. The absence of effect of
the deletion of the PA region, situated directly upstream of the
anchoring motif LPXTG, demonstrates that this region is not
critical for internalin export and anchoring to the cell wall.
Considering the functional homology between internalin–E-
cadherin and invasin-b1 integrin interactions, the nonrequire-
ment of the B-repeat region for internalin-mediated entry is
noteworthy. Indeed, the B-repeat region of internalin encom-
passes an FATDK motif (as well as an FATSK motif and an
FSTDK motif), which is also present on Yersinia invasin (27).
This FATDK invasin motif is situated in the carboxy-terminal
region of invasin, known to be sufficient for invasin-mediated
entry and to interact directly with b1 integrin (25, 27). Both the
phenylalanine and aspartic acid residues of this FATDK motif
were shown to be critical for invasin function (30). Even if the
B-repeat region of internalin is not required for internalin
interaction with E-cadherin, one cannot rule out the possibility
that the B-repeat region of internalin would be able to interact
with b1 integrin, even without leading to entry.

The LRRs-IR part of internalin is necessary and sufficient
to promote entry. LRR motifs are classically involved in pro-
tein-protein interactions, and LRR structures have been shown
to be critical for various ligand-receptor interactions involving
a protein with LRRs (11, 37). Thus, the LRR region of in-
ternalin is a good candidate to interact directly with its cellular
receptor E-cadherin. Our present finding that deletion of part
or all of the internalin LRRs abolishes internalin’s function is
in agreement with our previous experiments showing that
monoclonal antibodies directed against internalin LRRs had
an inhibitory effect on entry (28). Taken together, these data
establish that the internalin LRR region is crucial for the entry
process and suggest that this region participates directly in the
interaction of internalin with its receptor, as has been de-
scribed for many other LRR proteins (24, 37). Interestingly,
preliminary results suggest that InlB LRRs are also crucial for
InlB-mediated entry (1).

However, surface expression of only internalin LRRs is not

sufficient to promote entry, and the purified internalin LRR
region does not interact with cells expressing internalin recep-
tor. In fact, a second region, situated directly downstream of
the LRRs, the IR region, is required for internalin-dependent
entry. Whether this IR region participates directly in internalin
interaction with its receptor or whether it has only an indirect
role, participating in the correct folding of the LRR region
required for receptor recognition, is not known. We presently
favor the second hypothesis. Indeed, the IR region is the most
conserved one among all of the Inl proteins identified to date
in L. monocytogenes (10). If the function of five of these Inl
proteins remains to be determined, internalin and InlB clearly
have different receptors and functions (16). For instance, InlB-
mediated entry occurs in cells nonpermissive for InlA (9, 17),
and InlB stimulates phosphatidylinositol 3-kinase (17). The
carboxy-terminal region of InlB located downstream of the IR
region has been shown to be involved in the bacterial surface
association of this protein and not to be required for InlB
functionality (1, 2), and so it is likely that InlB function also
relies on its LRRs-IR regions. It has been proposed that the
specificity of protein-protein interactions of LRR-containing
proteins and, therefore, the basis of their functions are due to
the specific composition of nonconsensus residues of the re-
peats and might be influenced by the flanking domains of the
LRR region (21). Since InlA and InlB LRR regions differ in
the numbers of their LRRs (15 and 7 repeats, respectively) and
in the internal compositions of their repeats, whereas their IR
regions are very conserved (77.5% similarity and 50.5% iden-
tity), it is possible that the divergence of their LRR regions
accounts for their functional differences, whereas the similarity
of their IR region accounts for the structural similarity of their
LRR regions. Thus, we propose that the IR region stabilizes
the structure of the LRRs present in the amino-terminal part
of Listeria LRR proteins, LRRs being specifically involved in
the target recognition of these proteins. The structure of in-
ternalin is currently being investigated and should help to

FIG. 7. Invasiveness conferred by InlA-protein A chimeric proteins. Inva-
siveness of L. innocua, L. innocua (LRRs-SPA), L. innocua (LRRs-BSPA), L.
innocua (LRRs-IR-SPA) and L. innocua (BSPA) is given as a relative value of the
level of entry of L. innocua (inlA)2, which has been reported as 100. The level of
entry of the other bacteria is given as a relative value. Results are means 6
standard deviations of three different experiments done each time in duplicate.

FIG. 8. Cell binding assay of LRRs63His. To study Caco-2 cell binding to
LRRs63His and compare it to what is observed with the positive control protein
InlA and the negative control protein BSA, serial dilutions of these three pro-
teins were used to coat 96-well microtiter dishes. After incubation with a 100-ml
suspension of Caco-2 cells (106/ml), wells coated with either LRRs36His, InlA,
or BSA were washed, and the number of bound cells was determined by assaying
for lysosomal hexosaminidase. The optical density at 405 nm is directly propor-
tional to the number of cells per well. A curve is presented that links the optical
density at 405 nm observed in LRRs63His-coated wells, InlA-coated wells, and
BSA-coated wells to the protein concentrations used for coating the wells.
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elucidate the functional and structural characteristics of the
LRR and IR regions of internalin.
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